Mutations in LR RK2 (Leucine rich repeat kinase 2) are a major cause of Parkinson's disease (PD). We and others reported recently that expression of the pathogenic gainof-function mutant form of LRRK2, LRRK2 G2019S, induces mitochondrial fi ssion in neurons through DLP1. Here we provide evidence that expression of LRRK2 G2019S stimulates mitochondria loss or mitophagy. We have characterized several LRRK2 interacting proteins and found that LRRK2 interacts with ULK1 which plays an essential role in autophagy. Knockdown of either ULK1 or DLP1 expression with shRNAs suppresses LRRK2 G2019S expression-induced mitochondrial clearance, suggesting that LRRK2 G2019S expression induces mitochondrial fi ssion through DLP1 followed by mitophagy via an ULK1 dependent pathway. In addition to ULK1, we found that LRRK2 interacts with the endogenous MKK4/7, JIP3 and coordinates with them in the activation of JNK signaling. Interestingly, LRRK2 G2019S-induced loss of mitochondria can also be suppressed by 3 different JNK inhibitors, implying the involvement of the JNK pathway in the pathogenic mechanism of mutated LRRK2. Thus our fi ndings may provide an insight into the complicated pathogenesis of PD as well as some clues to the development of novel therapeutic strategies.
INTRODUCTION
Mutations in leucine-rich repeat kinase 2 (LRRK2) can lead to autosomal dominant PD and are by far the most common cause of familial PD, accounting for as much as 40% of all cases in some populations and up to 5% of apparently sporadic cases (Kumari and Tan, 2009; Cookson, 2010) . LRRK2 encodes a 2,527 aa protein containing several conserved domains including a leucine-rich repeat (LRR), a Roc-COR (Cterminal of Roc), a kinase, and a WD40 domain. The kinase domain of LRRK2 is homologous to that of the mixed-lineage kinases (MLKs) which we have shown previously to play an important role in neuronal cell death (Xu et al., 2001 (Xu et al., , 2003 (Xu et al., , 2005 . The most prevalent mutation of LRRK2, G2019S, is associated with an increase kinase activity and neuronal cell death, indicating a gain-of-function mechanism for LRRK2-induced neuron loss in PD (West et al., 2005; Greggio et al., 2006; Cookson, 2010; Cui et al., 2011) .
More and more studies have revealed a role of mitochondrial dysfunction in PD (Saha et al., 2009; Exner et al., 2012) . We and others have shown recently that expression of LRRK2 G2019S may induce neuronal dysfunction by disturbing mitochondrial fi ssion/fusion dynamics and function through DLP1 (Dy namin like protein 1) (Niu et al., 2012; . Despite some discrepancy, there are several indications of the involvement of LRRK2 in the regulation of autophagy, the cell self-digestion and neuroprotective process (Chen and Chan, 2009; Ramonet et al., 2011; Tamura et al., 2011; . Interestingly, disruption of autophagy leads to dopaminergic axon and dendrite degeneration and promotes presynaptic accumulation of α-synuclein and LRRK2 in the brain (Friedman et al., 2012) . Whether LRRK2 G2019S-induced mitochondria fi ssion would lead to subsequent autophagy and mitochondria clearance in neuron and what is the underlying mechanism remain unclear.
JNK represents one of the major signaling pathways implicated in PD pathogenesis since increased JNK activity and its association of mitochondria dysfunction has been reported in various neurotoxin and genetic PD animal models (For review, see Jankowski, 2007; Berwick and Harvey, 2011; Santos and Expression of LRRK2 leads to autophagosome formation ULK1 has been recognized as a convergence point for multiple signals that control autophagy (Stephan and Herman, 2006; Kundu et al., 2008; Mizushima, 2010; Egan et al., 2011; Tamura et al., 2011; Itakura et al., 2012) . Many studies indicate that LRRK2 especially those pathogenic mutants play a positive role in autophagy (Chen and Chan, 2009; Ramonet et al., 2011; Tamura et al., 2011; Itoh et al., 2013; Orenstein et al., 2013) . However, discrepancy still exists in the function of LRRK2 in the autophagy-lysosome pathway (Manzoni, 2012) . Since LRRK2 interacts with ULK1, we evaluated the role of LRRK2 in autophagy in different cell types including normal rat kidney (NRK), HeLa, HEK293 and cultured neurons. NRK cells stably expressing CFP-LC3 (hereafter termed as NRK-LC3 cells) were co-transfected with wild type or mutant forms of LRRK2 and RFP (Red Fluorescent Protein, used as a transfection marker) expressing vectors. There were signifi cantly more CFP-LC3 dots (indicator of autophagosome) in cells transfected with WT LRRK2 or the pathogenic G2019S mutant than control ( Fig. 2A and 2B) . Expression of the kinase dead form of LRRK2 (LRRK2 K1906M) did not induce the formation of autophagosome very signifi cantly. In addition, expression of WT LRRK2 and G2019S mutant also induced the Cardoso, 2012). Different components of the JNK pathway including MKKs (mitogen-activated protein kinase kinases), JNKs (c-Jun N-terminal kinases) and JIPs (JNK-interacting proteins) have been shown to interact with LRRK2 in overexpression or in vitro system (For review, see Kuan and Burke, 2005; Jankowski, 2007; Berwick and Harvey, 2011; ) . A recent study has found that JNK activity is increased in the substantia nigra of LRRK2 G2019S transgenic mice (Chen et al., 2012) . Although expression of LRRK2 has been shown to be able to phosphorylate MKK4 and MKK7, which act upstream of the JNK (Gloeckner et al., 2009) , the effect of LRRK2 on JNK activity is still uncertain (Berwick and Harvey, 2011) .
Uncoordinated family member (unc) 51-like kinase 1(ULK1), a serine threonine kinase with homology to yeast Atg1, plays an essential role in the initiation of autophagy ( Kundu et al., 2008; Egan et al., 2011; Tamura et al., 2011; Itakura et al., 2012) . ULK1 can interact with different proteins to form a complex (the ULK1 complex) and this complex plays a crucial role in starvation-induced autophagy, integrating signals from upstream sensors such as mTOR and AMPK and transducing them downstream to govern autophagosome formation (Mizushima, 2010; Egan et al., 2011; Tamura et al., 2011) . In addition, the ULK1 complex has been recognized recently as an important regulator of mitochondrial clearance or mitophagy, including targetting depolarized mitochondria at the initial stages of Parkin-mediated mitophagy (Kundu et al., 2008; Egan et al., 2011; Itakura et al., 2012) .
In this study, we have screened and confirmed more LRRK2-interacting proteins through ye ast two hybrid and co-immunoprecipitation. We found that ULK1 interacts with LRRK2 and plays an essential role in LRRK2 G2019S-induced mitochondria clearance. In addition, we confi rmed that several components of the JNK pathway interact with LRRK2 in the brain of LRRK2 G2019S transgenic mice and expression of LRRK2 induces the activation of JNK. Interestingly, LRRK2 G2019S-induced mitochondrial clearance can also be suppressed by different JNK inhibitors.
RESULTS

LRRK2 interacts with ULK1
In order to elucidate the function of LRRK2, we performed yeast two-hybrid screen using 3 different LRRK2 fragments (LRRK2-AL, LRRK2-RC, LRRK2-MW) as baits to identify novel LRRK2 interacting proteins (Fig. 1A) . When the C-terminal part of LRRK2 (LRRK2-MW) including the MAPKKK and WD40 domains (5341-7584 bp) of LRRK2 were used as a bait (Fig. 1A) , three strong positive clones were observed from a total of ~3 × 10 6 independent transformants from a mouse brain library analyzed (data not shown). Sequence analysis revealed that they all encoded the kinase domain of unc51-like kinase 1 (ULK1) (Fig. 1B) . We next adopted co-immunoprecipitation (co-IP) to confi rm the interaction between LRRK2 and ULK1 in mammalian cells. HEK293 cells were transfected with expres- Fig. 2C and 2D ). The boost of LC3-II levels were more obviously in the presence of leupeptin, an inhibitor of protease and autophagy. Interestingly, G2019S mutant induced the much higher level of LC3-II than wt LRRK2 and LRRK2 K1906M ( Fig. 2C and 2D ), corresponding to the induction of autophagosome formation in NRK-LC3 cells. Furthermore, over-expressed LRRK2 and LC3 co-localize with each other in U2OS cells undergoing starvation (Fig. S1 ). We also confi rmed the induction of autophagosome forma- 
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& wt LRRK2, LRRK2 G2019S and LRRK2 G2019S ΔWD40 were co-localized with mitochondria and were able to induce mitochondrial fi ssion as we have shown previously in HeLa-LC3 cells. Interestingly, only expression of LRRK2 G2019S could lead to significant decrease of mitochondrial number (Fig. 3 ). In addition, many of the LRRK2 G2019S protein and fragmented mitochondria co-localized with LC3 puncta, indicating the induction of mitophagy in HeLa-LC3 cells (Fig. 3A) . Interestingly, although expression of wt LRRK2 or LRRK2
Expression of LRRK2 G2019S induces the loss of mitochondria and it can be rescued by knockdown of ULK1
We have shown previously that co-expression of LRRK2 G2019S and DLP1 induces dramatic clearance of mitochondria in HeLa cells (Niu et al., 2012) , implicating that LRRK2 may play a role in mitophagy. Here, we inspected the role of LRRK2 without co-expression of DLP1. As shown in Fig. 3A , 
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Protein Cell & G2019S ΔWD40 were able to induce mitochondrial fission, there was no apparent loss of mitochondria (Fig. 3A) .
To investigate whether LRRK2 plays a role in mitophagy in neurons, we adopted BacMam virus for more efficient transfection and for the reduction of potential overexpressioninduced artifact. As shown in Fig. 4A and 4B, expression of the pathogenic LRRK2 G2019S mutant induced dramatic drop of mitochondria number in cortical neurons (~45/neuron vs. ~108/ neuron for the control). Similar to that in HeLa-LC3 cells, WT LRRK2 did not induce significant decrease of mitochondria number ( Fig. 3A and 3B ). ULK1 plays an essential role in mitophagy (Kundu et al., 2008; Egan et al., 2011) and we have shown above that the WD40 domain in LRRK2 is required for the interaction between LRRK2 and ULK1 and induction of autophagy by LRRK2. We postulated that ULK1 might play a role in LRRK2 G2019S induced mitophagy. To test this hypothesis, we tried to knock down the expression of ULK1 with shRNAs in LRRK2 G2019S expressing cells. Since it is hard to infect culture neurons with BacMam virus and transfect them with shRNAs at the same time, we did the analysis in NRK cells. We screened different ULK1 shRNAs and confirmed two of them that are capable of knocking down the levels of ULK1 effi ciently (Fig. 4C) . As shown in Fig. 4D , expression of LRRK2 G2019S induced dramatic decrease of mitochondria number or even clearance of mitochondria compared with the controls. Knockdown of ULK1 substantially suppressed the loss of mitochondria. However, we noticed the existence of fragmented mitochondria in those cells (Fig. 4D ). This suggests that ULK1 knockdown could suppress LRRK2 G2019S expression-induced mitophagy but not mitochondrial fi ssion.
Knockdown of DLP1 suppresses mitochondria clearance induced by LRRK2 G2019S
We and others have shown previously that DLP1 plays an essential role in LRRK2-induced mitochondrial fi ssion (Niu et al., 2012; . We went on to explore the possibility that LRRK2 G2019S expression induces mitochondrial fi ssion through DLP1 and thereafter leads to mitochondria clearance. NRK cells transfected with control or shDLP1 expression vector were infected with control or LRRK2 G2019S expressing virus. Mitochondrial fi ssion was noticed at around 16 h after LRRK2 G2019S expression (data not shown) and obvious mitochondria clearance was found around 24 h after infection (Fig. 5) . However, mitochondria clearance was suppressed apparently in LRRK2 G2019S expressing cells transfected with shDLP1 (Fig. 5) . Therefore, DLP1 is likely to play a role not only in mitochondrial fi ssion, but also in mitochondria clearance.
LRRK2 interacts with MKK4/7, JIP3 to induce the activation of JNK synergistically
Despite the fi nding of interaction between LRRK2 and components of the JNK pathway similar to that of the MLK family, the role of LRRK2 in JNK signaling is still uncertain (Berwick and Harvey, 2011). To elucidate whether LRRK2 functions similarly to that of MLKs, we did co-immunoprecipitation of LRRK2 from brain cell lysate of Flag-LRRK2 transgenic mice (Li et al., 2010) with Flag antibody. In this way, we could avoid the potential artifi cial effect generated by over-expression of individual proteins. The immunocomplexes were analyzed for the presence of endogenous JNK pathway components and revealed that LRRK2 interacts with MKK4, MKK7 and the scaffold protein, JIP3 (Fig. 6A-C) , but not apparently with JNKs and the scaf-Protein Cell & G2019S, MKK4, MKK7 and JIP3, either alone or in combination. As shown in Fig. 6D , expression of LRRK2 or LRRK2 G2019S induced the phosphorylation of JNKs indicating the activation of the JNK pathway. LRRK2 G2019S seemed to be fold proteins, POSH and JIP1 (data not shown). This implies that LRRK2 can form a complex with MKK4/7 and JIP3.
In order to determine whether LRRK2 acts as a MKKK, HEK293T cells were transfected with LRRK2, LRRK2 (Fig. 6D) . Similar results were obtained when LRRK2 or LRRK2 G2019S were co-expressed with JIP3 or MKK7 (Fig. 6E and 6F and data not shown). These results suggest that LRRK2 plays a similar role in the JNK pathway as MKKK and there is likely a synergistic effect between LRRK2 and MKK4/7 and JIP3 in the activation of JNK.
LRRK2 G2019S induced mitochondria clearance can be suppressed by inhibition of JNK activity
Mitochondrial function and mitophagy are infl uenced by proapoptotic signal transduction through the JNK pathway (Tournier et al., 2000) . We therefore explored whether LRRK2 G2019S expression incurred JNK activation plays a role in the clearance of mitochondria. We infected cultured cortical neurons with LRRK2 G2019S expressing virus and analyzed the number of mitochondria both in the presence or absence of selective or specifi c JNK inhibitors. To minimize the potential nonspecifi c effect of JNK inhibitors, we tried 3 different kinds of JNK inhibitors, Sp600125, Quinazoline 13a (Q13a), and HIVtag-JNK inhibitor I (JNK inhibitor I). Compared with SP600125, JNK inhibitor I is regarded as a highly specifi c JNK inhibitor, which does not inhibit the activity of ERK, protein kinase C or p38 at 500 μmol/L (Borsello et al., 2003) . Recently, Q13a was found to be a potent JNK inhibitor (IC50 = 40 nmol/L), with >500-fold selectivity over p38 (He et al., 2011) . As shown in Fig. 7 , the loss of mitochondria incurred by LRRK2 G2019S expression could be substantially suppressed by different JNK inhibitors especially by Q13a and JNK inhibitor I. This implies that LRRK2 G2019S is likely to induce clearance of mitochondria through the activation of JNK.
DISCUSSION
Mitochondrial dysfunction has long been implicated in the etiopathogenesis of PD (Dagda et al., 2009; Exner et al., 2012) . In this study, we identifi ed a novel LRRK2 interacting protein, ULK1. In addition, we found that LRRK2 interacts with the endogenous MKK4, MKK7 and JIP3, and they are able to induce the activation of JNK synergistically. Expression of LRRK2 G2019S induces mitochondrial clearance and it is dependent on JNK, DLP1 and ULK1 respectively. This indicates that the JNK and the mitophagy signaling pathways may contribute to the neuronal dysfunction induced by LRRK2 G2019S. Autophagy including mitophagy is primarily a protective process in response to cellular stresses; however, compromised mitochondrial clearance through mitophagy is also associated with cell death and PD etiopathogenesis (Levine and Kroemer, 2008; Springer and Kahle, 2011; Santos and Cardoso, 2012) . Therefore, manipulation of autophagy has been proposed for the treatment of neurodegenerative disease (Springer and Kahle, 2011; Harris and Rubinsztein, 2012) . More and more evidence are emerging that the autophagy process is altered in LRRK2 PD models. However, whether LRRK2 plays a positive or a negative role in the autophagy-lysosome pathway is still not conclusive. Most studies showed accumulation of autophagosomes after overexpression of wild-type LRRK2, G2019S or LRRK2 R1441C mutants in various cell lines and transgenic mice (Chen and Chan, 2009; Ramonet et al., 2011; Tamura et al., 2011; Itoh et al., 2013) . LRRK2-knockout mice displayed a biphasic alteration in autophagy that fi rst increased in young mice and then decreased with age (Tong and Shen, 2012) . Knockdown of LRRK2 with siRNA led to increased autophagic activity (Alegre-Abarrategui and Wade-Martins, 2009). However, it was shown recently that G2019S mutant fi broblasts exhibited higher autophagic activity levels than control fi broblasts (Bravo-San Pedro et al., 2013) . We have confirmed that expression of wild-type or LRRK2 G2019S in different cell lines induced the elevation of LC3-II Values are means ± SEM. ***P < 0.001, 1-way ANOVA. 50 cells from 3 independent experiments that were both transfected and infected were counted for each group.
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& mitophagy because inhibition of division slows down mitophagy (Itoh et al., 2013 ). Since we and others have found that LRRK2 G2019S could induce mitochondrial fi ssion through DLP1 (Niu et al., 2012; and ULK1 knockdown suppresses LRRK2 G2019S expression induced mitophagy but not apparently mitochondrial fi ssion (this study), it is very likely that expression of LRRK2 G2019S induces mitochondrial fi ssion via DLP1 and mitophagy through ULK1 afterward. The effect of LRRK2 on JNK activity is still equivocal with most of the studies showing no effect or even suppression of JNK activity (Becker and Bonni, 2006; White et al., 2007; Hsu et al., 2010) . However, West et al. have shown that LRRK2 overexpression activates JNK in SH-SY5Y cells independent of LRRK2 activity (West et al., 2007 ) and JNK phosphorylation level was found recently to be increased in the substantia nigra of LRRK2 G2019S transgenic mice (Chen et al., 2012) . In this study, we found that Flag-LRRK2 expressed in transgenic mouse brain interacted with the endogenous MKK4 and MKK7, and JIP3, but not apparently with the JNK pathway scaffold protein POSH. This indicates that LRRK2 can form a complex with MKK4/7 and JIP3, different from the POSH-JIP apoptotic complex (PJAC) that we reported previously (Xu et al., 2005; Kukekov et al., 2006 ). The induction of higher level of JNK phosphorylation by LRRK2 G2019S than wt LRRK2 is in accordance with the gain-of-function role of LRRK2 G2019S in PD development. Interestingly, our results from co-expression indicate that there is synergistic effect in the activation of JNK levels as well as the formation of autophagosomes.
Autophagic and mitochondrial abnormalities have been observed in the brains of aged LRRK2 G2019S transgenic mice (Ramonet et al., 2011) and depletion of dendritic mitochondria in neurons expressing LRRK2 G2019S has been reported during the preparation of this manuscript (Itoh et al., 2013) . We provided evidence here that expression of LRRK2 G2019S but not wt LRRK2 can induce the apparent clearance of mitochondria in cortical neurons including the soma. The induction of LC3-II and formation of autophagosomes co-localized with fragmented mitochondria indicates that expression of LRRK2 G2019S is very likely to stimulate the clearance of mitochondria through autophagy.
ULK1 is required for autophagy and has been recognized as a critical regulator of autophagy and mitophagy (Kundu et al., 2008; Egan et al., 2011; Itakura et al., 2012) . We discovered ULK1 as a novel LRRK2 interacting protein and confi rmed that the interaction between LRRK2 an d ULK1 depends on the WD40 domain of LRRK2 and the kinase domain of ULK1 respectively. Interestingly, expression of LRRK2 G2019S with deletion of WD40 domain could not induce the formation of autophagosomes and mitophagy although it still caused mitochondrial fi ssion. This indicates that the interaction between LRRK2 and ULK1 is required for LRRK2 G2019S expressionincurred mitophagy. We showed further that depletion of ULK1 or DLP1 could suppress LRRK2 G2019S expression-induced mitochondria clearance. Fission is thought to be important for , and JIP3 (F) were transfected either alone or together in HEK 293 cells as indicated. 24 h later, the levels of JNK activity were determined by Western blotting with antibody for the phosphorylated JNK (P-JNK). GAPDH was used as a loading control. All experiments were repeated at least once and similar results were obtained.
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& between LRRK2 and MKK4/7 and JIP3, similar to that of MLKs (Xu et al., 2005) . Together with the evidence that LRRK2 has a kinase domain homologous to other MKKKs and expression of LRRK2 is able to phosphorylate MKK4 and MKK7 (Gloeckner et al., 2009) , it is now reasonable to recognize LRRK2 as a MKKK.
Inhibition of the JNK pathway has been proposed for therapeutic interventions in parkinsonian neurodegeneration (Kuan and Burke, 2005; Cui et al., 2007; Santos and Cardoso, 2012) . We found that LRRK2 G2019S expression-incurred mitochondria loss could be suppressed signifi cantly by 3 different kinds of selective or specifi c JNK inhibitors. This implies the involvement of JNK activation in LRRK2 G2019S induced clearance of mitochondria, in agreement with previous fi ndings that mitochondrial function and mitophagy are infl uenced by the JNK pathway (Tournier et al., 2000) .
In this study, we provide evidence that LRRK2 G2019S expression induces mitophagy and it can be suppressed by inhibition of JNK activity and knockdown of either ULK1 or DLP1. It is reasonable to assume that expression of LRRK2 G2019S would lead to the activation of JNKs and the dysfunction of mitochondria. Dysfunction of mitochondria would lead to the recruitment of DLP1 to mitochondria to induce mitochondrial fi ssion and subsequently mitophagy through a ULK1 dependent pathway. Currently, we are unable to exclude the possibility that LRRK2 may induce the mitochondrial dysfunction and recruit DLP1 to mitochondria at the same time. It will be intriguing to investigate in the future the detailed relationship between JNK activation, DLP1 translocation and the activation of ULK1. Nevertheless, our study may give rise to potential novel therapeutic strategies for PD.
MATERIALS AND METHODS
Materials
Cell culture, transfection and infection NRK (Normal Rat kidney) cells stably expressing LC3 were kind gifts from Dr. Li Yu in Tsinghua University, China. The primary cultures of cerebral cortex neurons were maintained as described previously (Xu et al., 2003; Niu et al., 2012) . For baculovirus infection, 2 day in vitro Values are means ± SEM. ***P < 0.001, 1-way ANOVA. 50 infected neurons from 3 independent experiments were counted for each group.
Co-immunoprecipitation assays and Western blotting
Mouse brains from three month-old Flag-LRRK2 transgenic and control mice were from Dr. Zhenyu Yue . Co-immunoprecipitation and Western blotting were carried out as previously described (Xu et al., 2003) .
Image acquisition and quantifi cation
Fluorescent images were captured using a confocal microscope (ZEISS LSM700 or ZEISS Observer ZI) or DeltaVision Living cell system. Quantifi cation of mitochondria in cells was done in a similar way as described previously (Rodriguez-Enriquez et al., 2009 ). Briefly, Mitotracker Deepred (Invitrogen) was added to culture medium to a fi nal concentration of 50 nmol/L for 15 min and then two-third of the medium was replaced with fresh medium. Image stacks of Mitotracker Deepred-loaded cells were collected at 1 μm intervals with a DeltaVision Living cell system. 20 random fi elds per condition were acquired using the 63× objective and representative images were shown. Mitochondria and LC3 puncta number was analyzed with Imaris ×64 software.
Statistical analyses
Results are presented as means ± SEM. Statistical signifi cance was determined by comparing means of different groups using one-way ANOVA followed by Tukey's post hoc honestly signifi cant difference test. *P < 0.05; **P < 0.01; ***P < 0.001.
